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Abstract: In this paper, a new method by combining cold drawing and martensitic transformation
was proposed to produce ultrahigh-strength steel wire, and the effect of austenitizing heating rate
on microstructure and mechanical properties was studied. Compared with Muffle furnace heating,
salt bath heating has a much higher austenitizing heating rate, which is beneficial to obtain ultrafine-
grained martensite for steel wire with a larger section. By salt bath hardening and low-temperature
tempering, an ultrahigh strong (strength of 2.48 GPa) and tough (elongation of 6.0%) steel wire was
produced. Moreover, to explore whether is it possible to replace long-time low-temperature tem-
pering with short-time tempering at elevated temperatures to improve the tempering efficiency, the
effect of tempering time on the evolution of microstructure and mechanical properties of the steel
wires tempered at 350 °C was systematically studied. The results demonstrate that tempering at 350
°C for 30 s can endow the steel wire with comparable mechanical properties to that of the one tem-
pered at 250 °C for 2 h. With tempering time prolonging, the strength decreases gradually with the
precipitated phase transition from x-FesCz carbide into 0-FesC carbide and coarsening, which plays
a major role in the strength decrease.

Keywords: ultrahigh-strength steel wire; cold drawing; martensitic transformation; tempering; me-
chanical properties

1. Introduction

Ultrahigh-strength steel wire has been widely used in industries such as spring. There are two
kinds of methods to produce ultrahigh strength steel wires: (1) severe cold drawing; (2) quenching
and tempering treatment. For cold-drawing steel wire, the strength heavily relies on the amount of
cold-drawing deformation [1-3], but the deformation resistance will increase significantly with the
increase of accumulated strain, which makes it very difficult to produce larger cross-section ultrahigh
strength steel wire by this method. In contrast, it is more convenient to manufacture ultrahigh-
strength steel wire with a large cross-section area by heat treatment. For quenched and tempered
(Q&T) ultrahigh-strength steel wire, steel with carbon content higher than 0.55 wt.% is often selected
and oil quenched to obtain martensite microstructure, and then tempered at 400-500 °C. Usually,
martensite steel with carbon content higher than 0.55 wt.% is brittle when tempered at low tempera-
tures, and plasticity recovers but with a significant sacrifice of strength when tempered at a higher
temperature [4, 5]. The relatively high tempering temperature (400-500 °C) is not conducive to en-
hancing the strength of the steel wire. Therefore, it is still full of challenges to produce much higher
strength Q&T steel wire with good ductility.

The brittleness of high-carbon martensite tempered at low temperatures is considered to be as-
sociated with the twin substructure. In recent studies, it has been confirmed that grain refinement
can promote martensite substructure transition from twin to dislocation and thus makes the high-
carbon martensite both strong and tough [6-8]. With this strategy, ultrahigh-strength steel wires (over
2.4 GPa) with a diameter of no more than 2 mm have been successfully produced by combining cold
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drawing and heat treatment in a 0.65 wt.% C low-alloy steel [9]. However, it may take a much longer
time for steel wire with a larger cross-section diameter to heat to the uniform austenitizing tempera-
ture by the Muffle furnace than that of the one with a smaller cross-section, which is not conducive
to obtaining ultrafine-grained martensite. Thus, it is difficult to obtain ultrafine-grained martensite
for steel wire with a larger cross-section diameter by heat treatment in a traditional Muffle furnace.
In this study, salt bath heating with much higher heat transfer efficiency was used to achieve rapid
heating and shorten the heating time, to obtain fine-grained martensite in larger cross-section steel
wire.

On the other hand, low-temperature tempering of martensite usually takes several hours for
heating, which is not conducive to improving the heat treatment efficiency in the process of steel wire
production. In this study, we also try to shorten the tempering time by elevating the tempering tem-
perature to improve heat treatment efficiency. However, the microstructure evolution of martensite
during short-time tempering at higher temperatures is still not studied systematically, and the influ-
ence of the microstructure evolution on mechanical properties is also unclear. Therefore, more sys-
tematical studies are needed to figure out the evolution of microstructure and mechanical properties
for the high-carbon martensite when tempered at a relatively higher temperature.

In this work, the cold-drawing steel wires were austenitized by salt bath heating and muffle
furnace heating respectively, and the effect of austenitizing heating rate on the microstructure and
mechanical properties of the Q&T steel wire was studied first. Then the salt bath hardening steel
wires were tempered at 350 °C with different tempering time to explore the feasibility of tempering
at elevated temperatures for a short time instead of tempering at a low temperature for a long time,
and the evolution of microstructure and mechanical properties with tempering time was also studied.
And finally, the mechanism of steel wire strength decreasing with the extension of tempering time
was discussed.

2. Materials and Methods

2.1. Material and heat treatment

A commercial cold-drawing steel wire with a composition of 0.62C-1.555i-0.63Mn-0.96Cr-
0.006P-0.005S (wt. %) was used in this study. The steel wire was cold drawn from 8 mm to 3 mm in
diameter by 8 passes. Both the cold-drawn and heat-treatment specimens were prepared by the fol-
lowing methods: a series of specimens 60 mm in length were sliced from the cold-drawing steel wire,
3 specimens were used to investigate the microstructure and mechanical properties of the cold-drawn
steel wire, and other specimens were heat processed and used to investigate the microstructure and
mechanical properties of heat-treatment steel wires. To explore austenitizing heating rate on micro-
structure and mechanical properties of the heat-treatment steel wires, the cold-drawing steel wires
were heated by salt bath heating and muffle furnace heating at 850 °C and held for 15 s and 60 s
respectively, and oil quenched to room temperature and subsequently tempered at 250 °C for 2 h.
The adjustment of austenitizing heating time in the above two mentioned heating methods is to en-
sure the fulfillment of austenitization and dissolution of cementite as the above two heating methods
have different heating rates. Moreover, to explore the feasibility of tempering at elevated tempera-
tures for a short time instead of tempering at a low temperature for a long time and investigate the
evolution of microstructure and mechanical properties with the tempering time of the salt bath hard-
ening steel wire, a series of oil-quenched specimens by salt bath austenitizing were tempered at 350
°C for 30 s, 60 s, and 300 s in a salt bath, respectively.

2.2. Tensile test

The tensile mechanical properties of the cold-drawn and heat-treatment steel wires were con-
ducted on Instron1195 electronic tensile testing machine according to the GB/T 228.1-2010 [10] at a
tensile strain rate of 3.5x10-® s, and the 0.2% proof stress was taken as the yield stress (Rpo2).
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2.3. Microstructure characterization

The microstructure of the cold-drawing and heat-treatment steel wires was analyzed by scan-
ning electron microscopy (SEM-FEI Q25) and transmission electron microscopy (TEM, JEM-2100F).
For SEM observation, standard grinding, polishing, and etching with 4% Nital procedures were used
to prepare the specimens. For austenite grain size analysis, the prior austenite grain boundary was
etched by an electrochemical etching method [11, 12], and the analysis was conducted on JX-2000
metallographic analysis software. For TEM analysis, thin foil specimens were sectioned from the
heat-treatment steel wires along the longitudinal direction and mechanically polished to a thickness
of about 30-40um followed by ion milling. The type and size of precipitated carbides after tempering
were analyzed by selected area electron diffraction (SAED) and high-resolution transmission electron
microscope (HRTEM).

2. 4. Dislocation density measured by X-ray diffraction

To quantify the dislocation density evolution with tempering time increase of the heat-treatment
steel wires during salt-bath tempering, the modified Williamson-Hall (MWH) method was used to
calculate the dislocation density based on the X-ray diffraction (XRD) profile [13]. XRD testing spec-
imens were sectioned along the heat-treatment steel wire’s longitudinal direction and electrolytically
polished, and the tests were conducted on Bruker AXS D8-ADVANCE (BRUKER AXS GMBH, Karls-
ruhe, Germany) diffractometer using monochromatic Cu Ka radiation of 0.15418nm wavelength ob-
tained at 40 kV and 40 mA. A step size of 0.01 ° and a dwell time of 0.5 s was selected to record the
line profiles, and the measurement range of 20 was from 40 ° to 120 °. The {110}, {200}, {211}, {220},
and {310} peaks were selected and fitted with the Gauss peak function to obtain the position and the
FWHM for each peak. The peak broadening can be described by the following equation [14]:

2 1/2
e[ e, s,

where AK=FWHM(0)*2cos(0))/A, K is the scattering vector defined by K=2sin(0)/A, D is the grain
size, M is a dimensionless parameter linked to the outer cut-off radius of the dislocations and the

dislocation arrangement inside the phase and taken as 2.2 [15], b is the Burgers vector, P is the mean

dislocation density and Cuais the average contrast factor of dislocations for the specific reflection.

OK*Crujs o higher-order term with no meaning established [16], where O is much smaller than the

~ 12
coefficient before KCm , and it will not be considered here [17]. The average contrast factors Cha as

a function of temperature can be determined by the method proposed in the literature [18]. The dis-
location contrast factors at room temperature consider a ratio of 50% edge-type and 50% screw-type
dislocations.

3. Results

3.1. Microstructure of the cold-drawn steel wire

The microstructure of the cold-drawing steel wire is illustrated in Figure 1. The microstructure is
pearlite with fine cementite and ferrite lamellae, and two kinds of dominated pearlite zones can be
seen in this microstructure: 1) parallel lamellar zones, 2) curved lamellar zones that are located be-
tween the parallel lamellar zones. This kind of severe plastic deformation microstructure can provide
more nucleation sites for austenitic nucleation and is beneficial to obtain fine grains during the aus-
tenitizing process, which will be discussed in section 4.1.
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Figure 1. SEM images of cold-drawing steel wire: (a) low magnification; (b) high magnification.

3.2. Microstructure of the heat-treatment steel wire

The microstructure of the salt bath hardening and muffle furnace hardening steel wires are shown in
Figures 2(a) and (b), respectively. Both the two steel wires show martensite microstructure and no
undissolved carbides are observed, but the microstructure of the salt bath hardening steel wire seems
finer. Figures 2(c) and (d) illustrate grain size distributions of the salt bath hardening and muffle
furnace hardening steel wires with average grain sizes of 4.6 pm and 7.9 um, respectively. The grain
size analysis result demonstrates the salt bath hardening steel wire possesses finer prior austenite
grain. A higher austenitizing heating rate and shorter austenitizing heating time make the grain of
salt bath hardening steel wire much finer.
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Figure 2. Microstructure and grain size detection of the heat-treatment steel wires with different aus-
tenitizing heating methods: (a) microstructure of the salt bath hardening steel wire; (b) microstructure
of the muffle furnace hardening steel wire; (c) grain size distribution of the salt bath hardening steel
wire; (d) grain size distribution of the muffle furnace hardening steel wire.

TEM observation also reveals that there are some differences in the microstructure of the salt bath
hardening and muffle furnace hardening steel wires as shown in Figures 3(a) and (b), respectively.
The salt bath hardening steel wire shows fully dislocation-structured martensite, while the muffle
furnace hardening one exhibits a typical microstructure of quenched high-carbon steel containing a
mixture of dislocation-structured and twin-structured martensite. This substructure difference of the
martensite is mainly caused by prior austenite grain size difference as confirmed in our previous
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study, which demonstrates that grain refinement can induce a martensite substructure transition
from twin to dislocation [6-8].

200 nm

Figure 3. TEM micrographs of heat-treatment steel wires austenitized with different heating methods:
(a) salt bath heating; (b) muffle furnace heating.

3.3. Microstructure evolution with tempering time

Selected area electron diffraction (SAED) and high-resolution transmission electron microscopy
(HRTEM) methods are used to analyze the type and size of precipitated carbide after tempering.
Figure 4 shows the result of salt bath hardening steel wire tempered at 350 °C for 30 s in the salt bath.
The SAED, which is carried out from the area marked with a white dotted circle in the bright field
image of Figure 4(a), indicates the precipitates are x-FesCz carbides as shown in Figure 4(b). The dark
field (DF) images of the martensitic matrix and x carbides corresponding to the selected diffraction

spots a’(101) and x(311) are shown in Figures 4(c) and 4(d). It seems that the nanoscale x carbides are
prone to precipitate in the more contrasting strip area in Figure 4(a). The morphology and size of the
X carbides are analyzed by HRTEM as shown in Figure 4(e), and the inverse fast Fourier transformed
(IFFT) image is shown in Figure 4(f). The size of the nanoscale carbide is in the range of 2 to 5 nm,
and the volume fraction of the carbide is estimated to be about 0.08 based on a statistical analysis of
25 HRTEM images.
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Figure 4. TEM images of the salt bath hardening steel wire tempered at 350 °C for 30 s: (a) bright
field image; (b) SAED pattern from the area marked with a white dotted circle in Figure 4(a); (c) dark
field image of the matrix; (d) dark field image of x-FesCz; (e) HRTEM image; (f) IFFT image of Figure
4(e).
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Figure 5 shows the type and size of precipitated carbide of the salt bath hardening steel wire tem-
pered at 350 °C for 60 s in the salt bath. With the tempering time prolonging from 30 s to 60 s, the
precipitated carbide transforms from x-FesCa to 0-FesC as verified from SAED shown in Figure 5(b).
The dark field (DF) images of the martensitic matrix and O carbides corresponding to the selected

diffraction spots a’(110) and 6(111) are shown in Figures 5(c) and (d). The nanoscale 0 carbides are
also prone to precipitate in the more contrasting strip area in Figure 5(a) and at the martensite lath
boundary. The morphology and size of the 0 carbides are observed by HRTEM as shown in Figure
5(e), and the inverse fast Fourier transformed (IFFT) image is shown in Figure 5(f). The size of the
nanoscale O carbide is in the range of 4 to 8 nm, and the volume fraction of the carbide is estimated
to be about 0.092 based on statistical analysis.

(020)

o(110)
a(110) T

2d/nm 100 nm . *
— —

100 nm
Emm—

Figure 5 . TEM images of the salt bath hardening steel wire tempered at 350 °C for 60 s: (a) bright
field image; (b) SAED pattern from the area marked with a white dotted circle in Figure 5(a); (c) dark
field image of the matrix; (d) dark field image of 0-FesC; (¢) HRTEM image; (f) IFFT image of Figure
5(e).

With the tempering time prolonging from 60 s to 300 s, the morphology of the martensite does not
change significantly and the type of precipitated carbide also does not change. But the carbide grows
larger and the size of O carbide is in the range of 8 to 13 nm as shown in Figure 6. And the volume
fraction of the carbide is estimated to be about 0.09 based on statistical analysis.

Figure 6 . HRTEM images of the salt bath hardening steel wire tempered at 350 °C for 300 s: (a)
HRTEM image; (b) IFFT image of Figure 6(a).
3.4 Tensile mechanical property

The mechanical property of the steel wires varies a lot with microstructure. Figure 7(a) shows repre-
sentative engineering stress-strain curves of the cold-drawing steel wire and the salt bath hardening
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and muffle furnace hardening steel wires tempered at 250 °C for 2 h. Compared with the cold-drawn
steel wire, both the Rpo2 and ultimate tensile strength (Rm) of the salt bath hardening steel wire are
significantly enhanced with only a small sacrifice of total elongation (obtaining 6% elongation), the
yield strength and ultimate tensile strength are enhanced from 1643 MPa and 1675 MPa to 2391 MPa
and 2479 MPa, respectively. The muffle furnace hardening steel wire also exhibits high strength, but
it is brittle, and almost all plasticity is lost. This dramatic contrast in fracture behavior between salt
bath hardening steel wire and muffle furnace hardening steel wire is considered to result from mar-
tensite substructure difference, which will be discussed in detail in section 4.1. For the salt bath hard-
ening steel wire tempered at 350 °C, both ultrahigh strength and good ductility can be obtained as
shown in Figure 7(b). The strength (Rpo2 and Rm are 2345 MPa and 2464 MPa, respectively) of the
steel wire tempered at 350 °C for 30 s is comparable with that of the one tempered at 250 °C for 2 h,
and it also shows slightly better ductility (6.3% elongation). With the tempering time extending from
30 s to 60 s and 300 s, the Rpo2 decreases from 2345 MPa to 2193 MPa and 1998 MPa, respectively.
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Figure 7. Comparison of tensile mechanical properties of the steel wires with varied states: (a) cold-
drawing steel wire and salt bath hardening and muffle furnace hardening steel wires tempered at 250
°C for 2 h; (b) salt bath hardening steel wires tempered at 350 °C for 30 s, 60 s, and 300 s, respectively.

4. Discussion

4.1. Grain refinement mechanism

Severe cold drawing makes the pearlite lamellae tend to be distributed along the drawing direction
and induces the formation of the two kinds of dominated pearlite zones as described in section 3.1,
and this microstructural evolution process is schematically illustrated in Figure 8. The Larger plastic
deformation introduces lots of defects and makes higher deformation energy to be stored in the steel
wire, and the two factors can provide more austenitic nucleation sites and a larger nucleation driving
force that is beneficial to obtain fine grains during the austenitizing process [9]. On the other hand,
salt bath heating has a much higher heat transfer efficiency than Muffle furnace heating and the spec-
imen can reach the austenitizing temperature in a much shorter time. Rapid heating is beneficial to
austenite nucleation and can decrease austenite grain growth tendency, thus obtaining fine grain,
which is schematically illustrated in Figure 8.
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Figure 8 . Schematic diagram of microstructure evolution of the steel wire during cold-drawing and

austenitizing with varied heating methods.

4.2. Effect of tempering time on microstructure

In martensitic steel, precipitated phase transition from transition carbide to 0 carbide, martensite lath
coarsening and dislocation density reduction usually take place with the increase of tempering tem-
perature [19-21]. Transition carbide precipitates from martensite when tempered at low temperature,
and the precipitated phase transforms into 0 carbide when tempered at a temperature higher than
300 °C. However, the microstructure evolution of martensite during short-time tempering at higher
temperatures is still not studied systematically. The experimental results in section 3.3, demonstrate
that x-FesCaz carbide precipitates from martensite when tempered at 350 °C for 30 s, the x-FesCa car-
bide transforms into © carbide when the tempering time is extended to 60 s, and the O carbide grows
larger with the tempering time is extended to 300 s. The volume fraction (V) and average size (X) of
the precipitated carbides are analyzed by HRTEM and statistically analyzed based on more than 20
HRTEM images. Moreover, the martensite lath becomes coarser with extending the tempering time
and the martensite lath width (dim) is also statistically analyzed based on TEM observation. The dis-
location densities (p) of the salt bath hardening steel wires tempered at 350 °C with varied tempering
times are calculated by the MWH method. The XRD profiles and MWH plots are shown in Figure 9,
and the results demonstrate that the dislocation density decreases slightly with extending the tem-
pering time. The types and average sizes of precipitated carbides, the width of martensite lath, and
the dislocation density of the steel wire tempered at 350 °C with varied tempering times are summa-
rized in Table 1.
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Figure 9 . XRD patterns and dislocation density analysis: (a) XRD patterns of the Q&T steel wires
austenitized by salt bath heating and tempered at 350 °C for 30 s, 60 s, and 300 s, respectively; (b)
modified Williamson-Hall (MWH) plots.
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Table 1. Microstructure characteristics of the salt bath hardening steel wires tempered at 350 °C with
varied tempering times.

Temperin Type of precipi- diath
tinfe (s) ’ ﬁ)ted cell)rbidz X (om) Ve (%) (nm) p (m?)
30 x-FesC2 4 8.0 210 4.03x1015
60 0-FesC 6 9.2 228 3.88x1015
300 0-FesC 11 9.0 234 3.53x1015

4.3. Strengthening mechanism of the salt bath hardening steel wire

Usually, the yield strength of martensitic steel is mainly contributed by solid solution strengthening
(0ss), dislocation strengthening (op), precipitation hardening (op), and grain boundary strengthening
(0sg). The general equation can be described as [22]:

— 2 2
Ry02=0, + 0 + 0 +4J0,° + 0,

Where oo is lattice friction stress for pure Fe, and it is usually taken as 54 MPa as reported in the
literature [19].

4.3.1. Solid solution strengthening

The lattice constant ratio ca’/as” of the salt bath hardening steel wires tempered at 350 °C is measured
to be about 1 by XRD analysis, which means most of the solid solution carbon in martensite has been
precipitated during tempering and the content of solid solution carbon is rather low. Therefore, the
effect of carbon in solid solution strengthening can be neglected and the oss is mainly caused by solid
solution alloying elements [23]. The following empirical equation is used to estimate the value of oss
and the value is estimated to be 119 MPa.

., =83(Wt.%y,) + 32(Wt.%,, ) — 31(Wt.%¢, ) + 39(Wt.%,,) + O(Wt.%,,)

4.3.2. Dislocation strengthening

The contribution of dislocation strengthening can be estimated by the following equation [24]:
o,=MaG b\/;

Where M, a, G, and b are Taylor factor, constant, shear modulus, and Burgers vector, which are taken
to be 3, 0.25, 76 GPa, and 0.2483 nm [25], respectively. The o, decreases slightly with extending the
tempering time as shown in Table 2.

4.3.3. Grain boundary strengthening

In high-carbon martensite, individual lath can be considered as the effective unit that contributes to
strengthening as confirmed in the literature. Here, the lath width is considered the effective grain size
for grain boundary strengthening. The os; can be estimated based on the Hall-Petch equation and the
ky can be taken as 0.2 MPa-m'” as the value has been reported in the range of 0.19 to 0.21 MPa-m'? [9,
26]. The variation of os; with tempering time is shown in Table 2.

4.3.4. Precipitation hardening

For precipitation strengthening, the Ashby-Orowan equation was used to estimate op under the as-
sumption of particle by-passing [24]:

O

0.538Gb, v
= "Nf In (ij
X 2b
The calculated op with the variation of tempering time is also shown in
Table 2.
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From Table 2, the calculated results are in good agreement with the experimental ones for the steel
wires tempered at 350 °C for 30 s and 60 s although there are some minor errors, while the calculated
result does not agree well with the experimental result for the steel wire tempered at 350 °C for 300
s. The measurement errors of du, p, X, and V¢ may result in the above error, however, this may not
affect the analysis of the reason for strength variation induced by tempering time. The results demon-
strate that martensite lath coarsening and dislocation density reduction take place slightly, which
plays a minor role in strength reduction, by extending the tempering time from 30 s to 300 s; and it is
the coarsening of precipitation with extending the tempering time that plays a major role for the
strength reduction.

Table 2. Estimating the strength contributions of the salt bath hardening steel wires tempered at 350 °C
with varied tempering times (MPa).

Ti;;p;ez‘;lg Rpo2 00 Oss Osg Op op o pz + 0'p2 Calg:ijted
30 2345 54 119 436 898 1498 1746 2355
60 2193 54 119 419 882 1279 1553 2145
300 1998 54 119 413 841 858 1201 1787

5. Conclusions

1) Ultrahigh strong (Rm of 2.46 GPa) and tough (6.0% elongation) steel wire with a diameter of
3 mm was produced by salt bath quenching and tempering of a cold-drawing high-carbon steel wire.

2) Rapid heating can be obtained by salt bath heating, which is more beneficial to obtain fine
austenite grain than muffle furnace heating. And fully dislocation-structured martensite, which ren-
ders the steel ultrahigh strength and appropriate ductility, is obtained in the fine-grained steel.

3) Tempering at a low temperature for a long time can be replaced by short-time tempering at
elevated temperatures, which can also render the fine-grained high-carbon martensite both high
strength and appropriate ductility.

4) When tempering at 350 °C, x-FesC2 carbide is first precipitated from the martensite matrix,
then this transition carbide transforms into 0-FesC carbide and grows larger with tempering time
prolonging.

5) With extending the tempering time from 30 s to 300 s when tempered at 350 °C, the strength
decreases gradually; lath coarsening and dislocation density reduction take place slightly, which
plays a minor role in strength reduction; it is the coarsening of precipitation that plays a major role
in the strength reduction.
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